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ABSTRACT 
UV-BASED ADVANCED OXIDATION OF P22 BACTERIOPHAGE 
AND E. COLI BACTERIA 
 
 
Vincent Martino, B.S. 
Marquette University, 2018 
Two novel, sustainable UV-LED advanced oxidation processes (AOPs) were 
evaluated for their ability to improve inactivation efficacy of P22 bacteriophage and E. 
coli bacteria. The first objective of this research was to determine the treatment efficacy 
of P22 bacteriophage and E. coli bacteria using UV-LED at wavelengths of 255, 265, and 
285 nm.  The UV-LED system demonstrated high inactivation potential for both 
contaminants at all wavelengths, suggesting it could be a potential alternative to typical 
low-pressure and medium-pressure mercury-based UV systems. Increased inactivation of 
both microorganisms was observed with decreasing wavelength (255>265>285 nm). As 
the peak UV absorbance for DNA occurs at approximately 254 nm, inactivation at other 
wavelengths was likely the result of amino acid damage in protein structures. The second 
objective of this research was to determine the treatment efficacy of P22 bacteriophage 
and E. coli bacteria using a system combining ultraviolet irradiation with hydrogen 
peroxide and waste slag (UV/waste slag/H2O2). The slag was a waste product of steel 
manufacturing with a heavy iron component, targeting Fenton-type reactions. It was 
hypothesized that this novel AOP would improve inactivation of both contaminants 
through the production of highly reactive hydroxyl radicals. The data supported this 
hypothesis, with significant improvements in P22 and E. coli inactivation using the 
UV/waste slag/H2O2 system in comparison to UV-LED alone. Scavenger experiments 
suggest that hydroxyl radicals were responsible for increased rates of inactivation. The 
final objective of this research was to determine the treatment efficacy of P22 
bacteriophage and E. coli bacteria using riboflavin and UV-LEDs. Riboflavin is a 
photosensitizer that was used to target generation of highly reactive singlet oxygen, 
which was hypothesized to improve inactivation. However, the UV/riboflavin system did 
not demonstrate a significant improvement over the baseline UV-LED system, and even 
demonstrated a significant inhibition in some cases, likely due to the range of 
wavelengths being in the UVC region, as opposed to the higher UVA region which has 
shown effectiveness in producing these radicals, as well as a severe tinting of the water 
likely affecting UV absorbance.  
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1. Introduction 
 
1.1 Motivation for Work 
 
 One of the major objectives of infrastructure today is providing clean water to 
humans throughout the world. According to the National Academy of Engineering, 1 in 6 
people do not have access to clean drinking water and, in some less developed countries 
in the world, half of the population is without access to this vital human resource.1 While 
the world’s water supply is still ample, consistent access to high quality supplies in some 
parts of the world is a major hurdle that must be overcome. Finding ways to mitigate this 
issue is paramount for developing a solution to this problem of water availability facing 
current and future generations. 
 Drinking water sources around the world are at risk for pathogenic contamination 
as water supplies can contain high-levels of enteric viruses, dangerous bacteria, and other 
microorganisms.2 One approach to pathogen disinfection is ultraviolet (UV) irradiation.3–
5 This is a common disinfectant used throughout the world, with over 2000 large plants in 
Europe utilizing the technology, although there are relatively fewer installations in the 
United States.6 Issues related to UV disinfection that have kept it from being more 
widespread include high operating costs, lack of a residual disinfectant, and high required 
energy inputs to mitigate certain contaminants, e.g., adenovirus. The United States 
Environmental Protection Agency (EPA) requires four-logs of inactivation for viruses, 
and the energy requirements to reach this level of disinfection for some enteric viruses, 
specifically enteric adenovirus, can make UV cost prohibitive without the supplement of 
other treatment processes.7-8 
 Utilizing advanced oxidation processes (AOPs), which feature the production of 
highly reactive radicals, could potentially lower the fluence, or UV dosage, required to 
mitigate target contaminants. Decreases in the fluence will decrease the energy required 
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to treat the contaminant. While AOPs have additional costs, development of sustainable, 
optimized AOPs could help address the water demand issues facing the world today.  
Additional improvements to UV treatments that can reduce energy inputs include 
the use of light-emitting-diodes (UV-LED). Most UV treatment is currently performed 
using the same low-pressure UV bulbs used decades ago, when the equipment was 
initially scaled up to large-scale applications. In comparison, UV-LEDs are a more recent 
development, but are not yet fully utilized as LED technology continues to advance at the 
large scale of water treatment. UV-LEDs offer many benefits, including variable 
wavelength settings (which can facilitate disruption of a range of biological materials, 
including amino acids in addition to nucleic acids), high intensity near-monochromatic 
outputs, and lower energy inputs.9 If UV-LEDs can demonstrate potential as an effective, 
more sustainable approach to drinking water treatment, then these novel systems could be 
the key to unlocking the full potential of UV disinfection.  
 
1.2 Research Objectives 
 
Three major objectives guided the research in this project. The first objective was 
to determine the treatment efficacy of P22 bacteriophage and E. coli bacteria using UV-
LED at wavelengths of 255, 265, and 285 nm. It was hypothesized that UV-LED would 
be a successful alternative to typical low pressure and medium pressure UV treatment for 
viruses and bacteria. It was further hypothesized that UV255 would be the most effective 
wavelength tested due to its peak absorbance for DNA. The second objective of this 
research was to determine the treatment efficacy of P22 bacteriophage and E. coli 
bacteria using a novel UV/waste slag/H2O2 advanced oxidation process. It was 
hypothesized that this novel AOP would improve inactivation of both contaminants 
through the production of highly reactive hydroxyl radicals. The final objective of this 
research was to determine the treatment efficacy of P22 bacteriophage and E. coli 
bacteria using riboflavin and UV-LEDs. It was hypothesized that this combination would 
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improve inactivation through the production of highly reactive singlet oxygen in the 
system. 
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2. Background 
 
2.1 Disinfection Regulation 
 
 The goal of any drinking water treatment plant is to ultimately supply the 
community it serves with safe drinking water. Throughout American history, surface 
water sources of drinking water have been contaminated with compounds such as 
pesticides, oil from rig spills, and other chemical contaminants. In response to this and 
other environmental concerns, in 1970, President Richard Nixon established the 
Environmental Protection Agency (EPA) charged with handling these issues. This 
governing body oversees regulations related to water quality and allows for federal 
funding to support research into major contaminants.10 This was the start of the 
regulations that guide all public drinking water treatment systems in the United States 
(U.S.) to ensure safe conditions for the consumer.  
 One of the major regulations passed through the EPA was the Surface Water 
Treatment Rule (SWTR), established in 1989. The major goal of this regulation was to 
limit illness caused by pathogens in drinking water. The SWTR has been updated 
multiple times since its initial iteration, and now encompasses many different microbial 
and chemical contaminants. These contaminants include, but are not limited to, Giardia, 
Cryptosporidium, and Legionella. This rule requires drinking water treatment plants to 
disinfect all water that comes from surface sources, such as rivers and lakes. This 
regulation also sets maximum contaminant level goals for various contaminants. Over 
time, this regulation was upgraded to enhanced versions, which established log reduction 
guidelines and performance of risk assessment in order to determine the viability of 
different disinfectants and their related disinfection-by-products (DBPs).7 
 The EPA requires four-logs of reduction for viruses and no presence of E. coli in 
over 5% of tested samples for consecutive months.7,11,12 These regulations were put in 
place to minimize the threat these contaminants pose to society. By ensuring minimal 
microbial contamination, effects from acute exposure can be minimized. Toward this end, 
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the EPA works to establish inactivation credits for different treatment processes. For 
example, conventional filtration techniques provide a treatment plant with credits for 
two-logs of inactivation of viruses, a reverse osmosis system provides credits for three-
logs of inactivation of viruses, and direct filtration provides a one-log inactivation credit 
for viruses.12 While such conventional treatment approaches provide adequate treatment 
in many scenarios, it is still important to investigate novel treatment methods that can 
more effectively achieve high levels of microbial inactivation in a range of settings.  
 Common disinfectants that inactivate contaminants such as viruses, bacteria, and 
protozoa include ozone, free chlorine, chloramines, chlorine dioxide, and UV irradiation. 
While all of these processes have strengths and weaknesses, determining the appropriate 
disinfectant to handle the needs of a specific drinking water treatment plant, while 
keeping costs in mind, is essential to assessing system design and performance. While 
some treatment systems produce dangerous DBPs, they may provide a necessary 
disinfectant residual in order to ensure protection against regrowth of contaminants 
downstream of the treatment plant. A major benefit of UV irradiation is the lack of 
formation of DBPs. While it can result in some natural organic matter in the system being 
degraded to potentially dangerous products, as long as proper pre-treatment steps are 
taken before disinfection, this issue can generally be avoided.6,13 If a system is highly 
efficient in initial inactivation, but does not provide a residual, a combination of 
disinfectants could potentially be considered in order to handle these needs.14–19 One 
disinfectant that provides high levels of inactivation, but offers no residual (so it is often 
used in combination with chloramines to provide residual) is UV irradiation.  
 
2.2 UV Irradiation 
 
 In the U.S., UV irradiation is not widely utilized for drinking water treatment; 
however, it has high potential to handle most of the pathogenic concerns facing society 
today. In particular, Giardia and Cryptosporidium, organisms that are not always treated 
to high degrees by other disinfection methods, are effectively inactivated using UV. UV 
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disinfection primarily works by damaging the DNA of a microorganism, and typically 
follows first-order kinetics.8,18,20. The nucleic damage results in inactivation of the 
contaminant (rather than removal), meaning it cannot replicate and therefore is not a risk 
to human health. UV irradiation typically works by forming pyrimidine dimers in the 
nucleic acid structure of the contaminant. The DNA/RNA of the contaminant absorbs the 
UV and causes a photochemical reaction in the pyrimidine base pairs. This dimer is a 
base pair of the same base, as opposed to the proper conjugate base that would typically 
pair with the original base. For DNA dimers, this pyrimidine dimer is either thymine or 
cytosine, and for RNA this dimer is either uracil or cytosine. This process inhibits 
replication of the DNA or RNA into new chains, and therefore inactivates the 
contaminant.21,22 While this is the primary inactivation method of UV irradiation, the 
potential for damage to the protein structure of a microorganism, in particular the protein 
capsid of viral contaminants, is also a feasible inactivation mechanism of UV 
disinfection.  
 Though most of the disinfection potential for UV irradiation occurs in genomic 
disruption, a fraction has been found to be the direct result of damage to proteins.23 For 
viral contaminants that are not inactivated effectively through the formation of the 
pyrimidine dimers, finding the ideal conditions for maximum protein capsid disruption 
could offer a potential avenue to increase the effectiveness of UV irradiation for more 
UV-resistant contaminants, such as adenovirus.23,24  
 The UV spectrum is typically classified into three distinct regions: UVC, UVB, 
and UVA. UVC refers to the UV light on a wavelength range of 100 nm to 280 nm. This 
portion of the spectrum is the most effective for microbial inactivation as the UV is 
directly absorbed, and 254 nm is considered the ideal germicidal wavelength for 
microorganisms (aligning with the peak absorbance of DNA). This is the wavelength of 
the majority of large-scale UV irradiation installations at drinking water treatment plants, 
and it has been shown to effectively inactivate contaminants such as MS2 bacteriophage, 
E. coli, and B. pumilus spores.25–27  
 UVB encompasses a range of wavelengths from 280 to 315 nm. While the lower 
bounds of this region remain in the germicidal region for most organisms, the higher ends 
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of this range are relatively ineffective at causing nucleic acid damage, and therefore are 
typically not used in disinfection processes. However, recent studies have shown UVB to 
be more effective at inactivating some microorganisms, such as Pseudomonas; therefore, 
the potential for treatment of microorganisms at higher wavelengths than typical UV 
operating values should be evaluated for more emerging microbial contaminants.28  
 UVA encompasses the wavelength range of 315 to 410 nm. This wavelength 
range has been found to be 105 times less effective at producing pyrimidine dimers than 
wavelengths in the UVC range.29 While not the typical treatment wavelength, UVA has 
been shown to be effective in generating various radical species, which demonstrates the 
potential of this wavelength range to potentially improve advanced oxidation processes, 
though more work is needed before any concrete claims can be made.30 
 The “dose” of UV treatment is determined differently than it is for oxidizing 
disinfectants. Typically the dose of the disinfectant refers to the CT value, which 
represents the concentration of the disinfectant multiplied by the contact time.31 
However, for UV irradiation, the dose is more aptly described as the fluence, which is the 
total incident UV light that passes through the system, not the amount absorbed by the 
cell.21 While a large amount of light may pass through the organisms, only a small 
fraction is typically absorbed and therefore larger amounts of incident UV are needed in 
order to allow for more light to be absorbed. The instrument used to measure fluence in 
bench-scale laboratory experiments is a radiometer. In the lab, this instrument can be 
used to measure the intensity of a collimated beam setup, which is an apparatus that emits 
UV light. This value is typically measured in mW/cm2. By multiplying this value by the 
exposure time (seconds), the fluence, in units of mJ/cm2, can be calculated.21 
 The majority of known microorganisms are effectively inactivated by UV 
irradiation; however some microorganisms, such as double stranded DNA viruses, are 
inactivated to a lesser extent. If pathogens are not effectively inactivated at typical 
treatment wavelengths, then they typically require a higher disinfectant dose (UV 
fluence) in order to minimize the risk to the consumer. This results in higher treatment 
costs, and can make UV irradiation a less viable treatment method for disinfection. The 
effectiveness of treatment of a contaminant results in the establishment of a microbial 
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inactivation credit (MIC), which basically describes a process’ effectiveness for large-
scale inactivation of a microbial contaminant on a log basis, as established 
experimentally.32  Using UV, the MIC for some contaminants such as human adenovirus 
and bacterial spores is relatively low, which requires higher levels of treatment to reach 
target reductions. If the most robust contaminant in a group, such as viruses, requires 
high energy inputs for adequate inactivation, the energy requirement for the entire class 
of contaminants is elevated, as is the case with adenovirus driving regulations on virus 
inactivation by UV.8,12 This can lead to some disinfectants such as UV irradiation being 
associated with generally unfeasible dose requirements. 
 Typical UV systems used in large-scale applications use low-pressure UV lamps, 
commonly denoted as LP bulbs. These systems provide monochromatic output at a 
wavelength of around 254 nm, which aligns with peak DNA absorbance. However, the 
kinetics of UVC inactivation are often slower than UV-based advanced oxidation 
processes operating at similar wavelengths, as well as other chemical disinfectants, 
making these other disinfection systems a more feasible treatment alternative in many 
cases.17,26,33,34 
 Another UV system used in large-scale application is medium-pressure UV 
lamps, often referred to as MP bulbs. These systems emit a polychromatic output 
covering a range of wavelengths across the UVC spectrum, allowing the potential to 
improve degradation of compounds that may fall outside of the typical ideal germicidal 
range. This wavelength range can make MP systems more effective in treating UV-
resistant pathogens such as human adenovirus.35 These lamps work by pressurizing the 
mercury in the lamp to a higher degree than LP bulbs, producing more intense radiation. 
The result of this increased radiation is less lamps being needed overall, resulting in a 
smaller footprint for the UV disinfection system compared to a typical LP 
system.22,33,36,37 
 Ultraviolet light-emitting-diode (UV-LED) technology is a novel UV technology 
that is being researched as a potential alternative to LP and MP treatments. These systems 
offer flexibility in treatment as they can work at varying wavelengths, both in singular, 
near-monochromatic wavelength outputs and polychromatic outputs by emitting different 
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wavelengths in tandem with each other by having multiple diodes active at a given 
time.26 Not only can UV-LED systems potentially improve treatment viability of various 
contaminants by emitting wavelengths at levels of peak target absorption, but they also 
improve overall treatment efficiency as the diodes typically have a significantly longer 
lifespan than their mercury-based counterparts.38 However, as UV-LED technology is 
fairly new, with most of the work being done in the last decade, inconsistencies in the 
data exist for inactivation potential and further research must be done in order to 
determine the viability of the system as a replacement to typical irradiation 
systems.26,28,38–41  
 
2.3 Advanced Oxidation 
 
 While UV irradiation is as an effective treatment method, it does not always 
inactivate robust pathogens, nor does it effectively degrade recalcitrant organic 
contaminants. Compounds such as organic pesticides, organic micropollutants, and 
double stranded DNA viruses are not mitigated successfully. One alternative to improve 
treatment is an advanced oxidation process (AOP).15,17,42 AOPs form highly reactive 
radicals to facilitate oxidation, and therefore remediation, of contaminants. These 
contaminants are inactivated or degraded to harmless products, depending on the 
contaminant of interest. Many different AOPs exist, including, but not limited to, TiO2-
based photocatalysis, ozonation, UV/H2O2, and Fenton reactions.
15,43 In this study, two 
novel UV-catalyzed AOPs were evaluated: photocatalysis using iron or riboflavin. 
 Photocatalysis is the process in which photo-induced molecular transformations 
occur on the surface of a catalyst.44 The source of the photo-induction is typically UV 
irradiation in tandem with some catalyst in order to produce highly reactive radicals.44 
These radicals are typically nonselective and therefore will react with anything in the 
system, offering potential for complete oxidation of the contaminant of interest.45,46 The 
most common radical species generated in AOPs is hydroxyl radicals. These radicals are 
a hydrogen-oxygen molecule with an unpaired electron, typically represented by the 
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symbol HO•. These radicals are formed abundantly in the UVC range. They are typically 
formed through the photolysis of the peroxidic bond, or the bond that binds hydrogen 
peroxide together.45,47,48  
 Fenton reactions are another type of AOP in which ferrous iron (Fe2+) is 
combined with hydrogen peroxide and UV light to generate highly reactive hydroxyl 
radicals. In this system, the iron acts as the photocatalyst, while the H2O2 provides the 
source for the hydroxyl radicals. This process is typically operated at low pH, on the 
order of 3-4.49 These systems tend to work less effectively at typical drinking water pH 
levels, i.e., 7. Despite this, hydroxyl radicals are formed at near-neutral pH values. 
Therefore, even at sub-optimal pH values, the presence of an oxidant such as H2O2 and a 
UV light source will produce radicals, and disinfection potential still exists at typical 
drinking water pH values.50,51 
 Other, less reactive, radical species include singlet oxygen. All that is required for 
the generation of singlet oxygen is oxygen, light at the appropriate wavelength, and a 
photosensitizer that can absorb the light and excite the oxygen into the singlet state 
needed for rapid oxidation of contaminants.52 Common photosensitizers in research 
include organic dyes, aromatic hydrocarbons, transition metal complexes, and riboflavin. 
Each photosensitizer is associated with a wavelength spectrum where it is most efficient 
at producing singlet oxygen. For example, while the metal complexes are activated by the 
UV-visible light range, the organic dyes have greater absorption of wavelengths between 
450-700 nm, depending on the dye.52,53 Riboflavin has been shown to produce singlet 
oxygen in the UVA range. However, if it can also produce radicals at a more 
germicidally-relevant wavelength (in the UVC range to encompass peak DNA 
absorbance), riboflavin could be a potentially groundbreaking supplement to AOPs. 
Minimal work has been done with riboflavin in drinking water applications as most of the 
work using riboflavin as a photosensitizer has been done on blood plasma and human 
corneas, meaning there is a large gap in the knowledge of how this process could impact 
drinking water treatment infrastructure.30,54–57 
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2.4 Microbial Contaminants 
 
2.4.1 Viruses 
 
 One of the major concerns related to UV irradiation is its low efficacy for 
inactivation of some enteric viral contaminants. Viruses are small infectious agents that 
do not have their own metabolism, but rather replicate through a host cell by inserting 
their genetic material. The cell becomes a surrogate “virus factory” until the cell lyses 
and the viruses are released into the environment. The enteric portion of the descriptor 
refers to viruses which infect the intestines of their target organism.  
 Viruses are found in nearly every ecosystem on earth and have genetic material 
made up of either DNA or RNA.58 A virus is typically classified by this genetic material, 
specifically, whether it is a single-stranded RNA, double-stranded RNA, single-stranded 
DNA, or double-stranded DNA virus.58 The double-stranded DNA (dsDNA) viruses are 
typically the most difficult to inactivate using UV irradiation.29 These viruses require a 
much higher fluence for sufficient inactivation, and drive the regulations for required 
fluence needed for adequate inactivation credit in drinking water. The major contributor 
to these high fluence requirements is human adenovirus. This pathogen is a nonenveloped 
icosahedral particle composed of an outer protein capsid and an inner core of double-
stranded DNA.  
 The Long Term 2 Enhanced Surface Water Treatment Rule requires a UV dose of 
186 mJ/cm2 for four-log inactivation of viruses despite the vast majority of viral 
contaminants being sufficiently mitigated using a dose of 40 mJ/cm2.7,29 Human 
adenovirus is the most UV-resistant waterborne enteric virus known, and it drives the 
high fluence requirements.7,33,59 This can render UV irradiation an unfeasible method of 
treatment for the inactivation of viruses in a drinking water setting. If this required 
fluence can be reduced through the use of novel UV systems or UV-based AOPs, UV 
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irradiation could be used to handle a range of treatment concerns at drinking water 
treatment plants, although the lack of residual disinfectant present in UV treatment would 
still have to be addressed. MP systems and AOPs have been shown to be more effective 
in inactivating adenovirus than typical LP systems; however, more work evaluating novel 
AOPs is needed to determine the ideal treatment conditions for adenovirus using UV-
AOPs.14,26,29,35,60,61 
 As human adenovirus is a difficult contaminant to work with in vitro, 
bacteriophages such as P22 can be used as laboratory surrogates, as done in this study. 
Bacteriophages are viruses that infect bacterial hosts. If these novel treatment systems 
prove effective in handling P22, then more intensive studies into treatability of 
mammalian viruses can be performed in future studies. P22 bacteriophage is similar to 
human adenovirus as both viruses are icosahedral particles containing double-stranded 
DNA. Furthermore, the genetic material of both is contained within a protein capsid 
which serves as a protective coat, though the adenovirus capsid is more robust than its 
P22 counterpart.24,62–65 Evidence garnered from studies into P22 can be used to provide 
context into the potential of a novel treatment system for handling other viral 
contaminants, such as adenovirus. Like adenovirus, P22 has shown the potential for 
reactivation after UV irradiation through repair of the genetic material, and this is a 
concern that must be addressed before large-scale application of these novel treatment 
systems.62 
 
2.4.2 Bacteria 
 
 The other contaminant included in this study was fecal coliform bacteria, 
specifically E. coli. E. coli is a microbial species with numerous pathogenic strains and is 
typically the focus of disinfection regulations for bacterial contaminants.66 Fecal coliform 
are bacteria found in the intestines of warm-blooded organisms, such as humans. While 
not necessarily pathogenic, fecal coliform bacteria are easily quantifiable and are 
typically present in high concentrations where other more pathogenic bacteria are highly 
13 
 
 
 
prevalent, e.g., in fecal matter. Due to this relationship, fecal coliform are often used as 
indicator organisms. If a water sample returns a positive result for fecal coliform analysis, 
it may indicate the presence of pathogenic organisms, e.g., enteric E. coli. While most 
strains of E. coli are harmless, a few strains are known to be pathogenic and cause 
intestinal issues such as diarrhea and other health issues. In rare cases, exposure to these 
pathogenic strains can even be lethal.66  
 The bacterial strain used in this study was E. coli 15597, which is a 
nonpathogenic strain of coliform bacteria commonly used in laboratory studies. The base 
structures of E. coli strains are nearly identical; however, E. coli 15597 can be used safely 
in a laboratory setting for modeling the behavior of pathogenic strains during water 
treatment. As E. coli is a common indicator of microbial water quality, it is commonly 
used in research studies. If a treatment method can effectively inactivate E. coli, then it 
provides an indication that the treatment process can also handle concerns related to other 
bacterial pathogens, though specific capabilities of novel systems should be established 
as part of process development.11,47 
 UV irradiation has been studied at length in relation to E. coli inactivation. 
However, at lower wavelengths the potential for reactivation of E. coli has been 
demonstrated.25 This reactivation potential is the result of adaptation to UV-based 
inactivation related to solar interactions.36 This is a concern that must be addressed for 
any novel treatment system for bacterial remediation before the system can be established 
for large-scale treatment applications.5,36 AOPs have also demonstrated success in the 
inactivation of E. coli and other indicator organisms. For example, TiO2 photocatalysis 
caused rapid cell death of pathogenic organisms in water supplies and significantly 
increased the treatment potential of E. coli in a water system.67–69 If this inactivation 
potential can be replicated through the novel systems tested in this study, then these 
systems may result in a new, reliable treatment method. However, TiO2 photocatalysis is 
a well-established AOP and there is no assurances that the novel systems tested in this 
study will inactivate pathogens in the same manner, thus providing the need for 
experimental work to be done.  
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3. Methods 
 
3.1 Chemical Preparation 
 
3.1.1 Water Matrix 
 
 All stock solutions and dilution series were prepared in pH 7 Buffered Demand-
Free water (BDF). The BDF water was prepared in the lab by mixing 1.0 L of Milli-Q 
water with 0.54 g of GBiosciences® Na2HPO4 and 0.88 g of Sigma-Aldrich
® ≥98% 
KH2PO4. The pH was measured with a VWR B40PCID pH meter and adjusted to near-
neutral levels using 0.1 M HCl and 0.1 M NaOH. The solution was mixed on a heated stir 
plate at approximately 40oC for 30 minutes, and then autoclaved. The sterile solution was 
stored at 4oC until use. BDF water was also used as the water matrix for all experiments.  
 
3.1.2 Microbial Media 
 
 The growth medium for all bacterial cultures was BD® Bacto™ Tryptic Soy Broth 
Soybean-Casein Digest Medium (TSB). This broth was prepared by mixing 1.0 L of 
Milli-Q water with 30 g of TSB powder. This solution was mixed on a magnetic stir plate 
for 45 minutes at a temperature of approximately 225oC. The mixture was then 
autoclaved and stored at 4oC for up to 2 weeks prior to use. 
 To quantify infectious P22 bacteriophage, the double agar layer technique was 
used, as described by Adams (1959).70 The bottom layer of media used for plating was 
BD® Difco™ Tryptic Soy Agar Soybean-Casein Digest Agar (TSA). This was prepared 
by mixing 1.0 L of Milli-Q water with 40 g of TSA powder for 30 minutes on a 225oC 
stir plate. The solution was then autoclaved. After autoclaving, 10 mL of the agar, in 
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liquid form, was poured into sterile 100 mm polystyrene petri dishes. These cooled until 
the agar hardened and then were stored inverted at 4oC for up to 2 weeks prior to use.  
 The top agar layer was composed of a 0.7% TSA solution. To prepare this, TSB 
was prepared as described previously, but was augmented with 0.7 g of BD Bacto™ Agar 
for every 100 mL of TSA. This mixture was heated on the magnetic stir plate for 45 
minutes. The agar was distributed for use by allocating 5 mL of the mixture to glass test 
tubes, which were capped and stored at 4oC for up to 2 weeks prior to use, at which time 
they were autoclaved. 
 To quantify infectious E. coli, BD Difco™ m Endo Broth MF™ was used. This 
growth medium was made fresh on the day of each experiment, as it cannot be stored 
effectively. To produce the media, a ratio of 48 g of the broth powder, along with 20 mL 
of nondenatured ethanol, was added per liter of MilliQ water. This solution was mixed at 
400oC at 140 rpm on a magnetic hot plate until the mixture reached a boil, typically after 
approximately 10 minutes. The solution was then removed from the hot plate and placed 
in a biosafety cabinet to cool to roughly room temperature prior to use.  
 
3.2 Microbial Assays 
 
3.2.1 Stock Propagation 
 
 Bacteriophage P22 was used as a laboratory surrogate for human adenovirus in 
this study. The virus was obtained from the American Type Culture Collection (ATCC, 
19585-B1). Stocks were propagated using the double agar layer method, and were further 
purified to minimize organic content and monodisperse viruses. Once plated with visible 
plaques, 10 mL of room temperature BDF was added to the plate’s surface, and allowed 
to sit for at least 15 minutes to allow viruses to release into the BDF solution. The liquid 
was pipetted off the top of the plates, taking caution to avoid drawing up any agar or 
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suspended bacteria, and transferred into a sterile centrifuge tube. This tube was 
centrifuged at 1200 xg for 15 minutes at 4oC. The supernatant from the tube was then 
poured into a separate, sterile centrifuge bottle with a sterile stirbar. Next, 9% 
polyethylene glycol (PEG, Promega Corporation), and 1 M NaCl were added. This 
solution was mixed on a stirplate overnight at 4oC. Upon completion of this overnight 
mixing, the stirbar was removed aseptically and the sample was then centrifuged at 8000 
xg for 90 minutes at 4oC. The supernatant was then poured off and discarded as the virus 
should have been contained in the pellet adsorbed to the side of the centrifuge jar. The 
pellet was then suspended in 10% of the original buffer volume, using BDF, and another 
PEG precipitation was performed. Upon completion of the second PEG precipitation, a 
Vertrel XF® (DuPont™) extraction was performed to remove lipids in the system and 
promote equal distribution of viral particles. Under a chemical hood, a volume of Vertrel 
equal to the volume of the sample was added. The centrifuge jar was gently mixed by 
hand for approximately 15 minutes. The solution was centrifuged for 15 minutes at 
10,000 xg. The top layer of the centrifuged solution, which was the purified virus stock, 
was pipetted and stored at 4oC until use. In order to quantify the approximate 
concentration of this stock solution, a dilution series was plated using the double agar 
layer method. The concentration of P22 in the stock, which was stored at 4oC until the 
day of use, was approximately 1010 PFU/mL.  
 The host bacteria for P22, S. typhimurium LT2, was purchased from ATCC and 
was propagated in TSB to log phase (in accordance with the method described in Section 
3.2.2) in the manner outlined by ATCC.71 For long-term storage of bacterial stocks, 
active cultures were mixed with glycerol at a 5:1 ratio, aliquoted, and stored at -20 oC.  
 Control experiments accounting for every individual experimental component 
were conducted at 255 nm at a fluence of 26 mJ/cm2 using P22 bacteriophage. These 
factors included waste slag with no irradiation, waste slag and H2O2 with no irradiation, 
waste slag with irradiation, H2O2 with irradiation, H2O2 without irradiation, and 
riboflavin without irradiation. These control experiments were performed to confirm that 
the cumulative systems would actually improve treatment and not inhibit inactivation of 
the contaminants. The results of these control experiments can be found in Section 4.1.6. 
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 For bacteria tests, a stock of E. coli 15597 bacteria was obtained from ATCC and 
propagated in accordance with the method described in Section 3.2.2 and the ATCC 
guidelines.72 For long-term storage of bacterial stocks, active cultures were mixed with 
glycerol at a 5:1 ratio, aliquoted, and stored at -20 oC.  
 
3.2.2 Bacteria Culture Preparation for Experiments 
 
 On the day prior to experiments, 1 mL of freezer stock of either S. typhimurium 
LT2 (host bacteria for bacteriophage experiments) or E. coli 15597 (for bacteria 
experiments) was thawed at room temperature, suspended in 10 mL of TSB, and 
incubated overnight at 37oC in order to produce an overnight stock of the bacteria.72 After 
approximately 12 hours of incubation, the overnight culture was removed from the 
incubator. Next, 5 mL of overnight culture were suspended in 25 mL of tryptic soy broth 
in a centrifuge vial, and the mixture was incubated at 37oC on a shaker table at 150 rpm 
for four hours to generate a log-phase culture of bacteria, in accordance with literature. 
Log-phase cultures of S. typhimurium were then used as the host bacteria for P22 in the 
double agar layer assay, while the log-phase culture of E. coli 15597 was further 
processed for use in UV experiments. 
 To minimize organic oxidant demand/UV absorbance, the log-phase culture of E. 
coli 15597 was centrifuged at 2000 rpm for 10 minutes, followed by decanting the liquid 
into a labeled waste container, and resuspending the bacterial pellet in the same volume 
of BDF. This process was repeated a total of three times. The bacteria were vortexed and 
then diluted to approximately 107 CFU/mL, based on a post-centrifugation concentration 
of 109 CFU/mL, as determined in preliminary tests. 
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3.2.3 Double Agar Layer Assay for P22 Virus Experiments 
  
 Upon completion of irradiation experiments, all samples were transferred into 
marked centrifuge tubes. Using sequential 10-fold dilutions, the samples were diluted to 
target a range of concentrations from 100 up to 105 PFU/mL in order to encompass all 
possible countable ranges (30 – 300 plaques per plate). Each sample was plated in 
triplicate.  
 Top agar tubes (0.7% TSA) were autoclaved the morning of each experiment and 
placed in a water bath at 40oC. To each top agar tube, 1 mL of the S. typhimurium host 
bacteria stock and 1 mL of the diluted bacteriophage sample were added. The tubes were 
immediately removed from the water bath, mixed gently, and poured onto the surface of 
room temperature TSA plates. The plates were allowed to set for roughly 15 minutes, and 
then were covered, inverted, and incubated at 37oC for 12 hours to allow growth of the 
bacteria and virus. Positive and negative controls containing only virus and only bacterial 
host were also plated for each experiment as part of QA/QC. After the 12-hour incubation 
step, all plates were removed from the incubator and the plaques on each plate were 
counted. A plate was considered countable when the plate contained between 30 and 300 
plaques.73 The results for each dilution of each triplicate test were recorded, and used to 
calculate average log inactivation. An example of a plate containing countable plaques is 
shown in Figure SI 2 of the Supplemental Information. 
 The number of infectious viruses remaining in each treated sample was compared 
to the concentration in the initial solution to determine logs of inactivation: 
 𝐼𝑛𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 =  log10 (
𝑁
𝑁𝑜
) , where No represents the initial concentration in the sample 
and N represents the final concentration after irradiation. No was calculated for each 
experiment based on a control of the same time and system, with no UV irradiation 
present to provide an accurate representation of the concentration of the stock solution. 
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3.2.4 Membrane Filtration Assay for E. coli Bacteria 
 
 After UV treatment, each sample was diluted in BDF to obtain concentrations 
from approximately 100 to 105 CFU/mL (1:10 dilutions) to ensure that a statistically 
countable number of colonies (30 – 300) would be plated. Each sample was plated in 
triplicate. An example of a plate containing countable colonies is shown in Figure SI 3 in 
the Supplemental Information. 
 Infectious E. coli was quantified in each sample using the membrane filtration 
method, as described in section 9000 of the Standard Methods for Examination of Water 
and Wastewater74. The experimental set-up is shown in Figure SI 1 in the Supplemental 
Information. A waste flask and pump were attached to a triple vacuum filtration 
manifold, which was then affixed with three filtration beakers. The beakers were 
previously irradiated under a UV light for a minimum of 1 hour to ensure sterility. Each 
beaker was rinsed with deionized water and the pump was run to clear the beakers of any 
residual compounds. The filtration beakers were removed and the disinfected forceps 
were used to place a 0.45 micron filter on each of the three manifold bases, which had 
previously been disinfected with 70% ethanol. Between each sample, the forceps were 
dipped in ethanol and flamed to disinfect them. The three filtration beakers were clamped 
on and each beaker was rinsed with deionized water. The first sample run each time was 
a blank containing 2 mL of BDF to ensure no prior contamination existed in the system. 
After sample filtration (2 mL sample, with additional BDF rinsing of the beaker), the 
disinfected forceps were used to place the filter pad into 50 mm diameter polystyrene 
petri dishes containing two mL of the m Endo broth and a cellulose absorbent pad (Pall 
Corporation) with an approximate thickness of 0.9 mm and an approximate diameter of 
45 mm. The filter apparatus was rinsed with deionized water and new filter pads were 
placed on all three of the systems. The process was repeated to filter all samples. As with 
the bacteriophage experiments, a control was plated to a full dilution to determine then 
initial concentration of E. coli 15597 in order to properly quantify the log inactivation 
obtained in each experiment. 
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 After plating each sample, the petri dishes were incubated overnight at 37oC. 
After a 24-hour incubation period, the petri dishes were removed from the incubator and 
the colonies on each plate were counted. Plates with 30-300 CFUs were considered 
valid,73 and were used to quantify average CFU/mL, and resulting logs of inactivation.  
 
3.3 UV Setup 
 
 The UV source for this experiment was an AquiSense Pearlbeam™ collimated 
UV-LED beam. This system is a small, lab-scale UV irradiation device equipped with 
variable wavelength settings of 255 nm, 265 nm, and 285 nm. The intensity of the light, 
reported by the manufacturer, is shown in Table 3.1A. Each test was performed in a 
sterile, 5.5 cm quartz petri dish with a magnetic stir bar. The text matrix was comprised 
of 14 mL of BDF, spiked with approximately 106 PFU/mL of P22 bacteriophage or 106 
CFU/mL of E. coli. This mixture was placed on a magnetic stir plate at 20 rpm placed 
directly under the outlet of the UV collimated beam and was positioned such that the 
water surface was 2 mm from the end of the column75. Prior to each experiment, the 
collimated beam was turned on at least 15 minutes prior to use at the desired wavelength 
to allow the instrument to warm up and maintain a consistent intensity.  
 
Table 3.1A: Intensity for all three wavelengths on the collimated beam 
Wavelength (nm) Intensity (W/cm2) 
255 3.2*10-5 
265 2.9*10-4 
285 3.7*10-4 
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 The manufacturer reported intensities shown in Table 3.1A were multiplied by the 
time of treatment (seconds) to determine the fluence in J/cm2. This was adjusted to 
mJ/cm2 and the exposure time was adjusted to obtain the target fluences for each test. 
 
3.4 UV-LED Tests 
 
 The first system tested in this research was variable wavelength UV-LED by 
itself. This system provided valuable context for the potential for the UV-LED 
technology to inactivate the target contaminants, P22 bacteriophage and E. coli 15597. 
The UV-LED only data also provided a baseline comparison for the results of the AOP 
systems (waste slag/UV/H2O2 and riboflavin/UV).  
 Independent triplicate tests were conducted at each of the three wavelengths 
tested. The 255 nm wavelength was meant to act as a comparison to typical 
monochromatic low-pressure UV irradiation, which is performed at 254 nm, 
approximately the peak absorbance of DNA.76 The higher wavelengths (265 nm and 285 
nm) may more effectively target some proteins, thereby inactivating microorganisms. 
Upon completion of the irradiation of each sample, the water matrix was transferred into 
a centrifuge tube and diluted, as described in Section 3.2. 
 
3.5 UV/Slag Tests 
 
 The UV/H2O2/Waste slag system, which is referred to hereafter as the Slag 
system, was a novel AOP process assessed in this study. This process combined elements 
of typical iron-based AOPs with a novel, sustainable approach. As with typical Fenton 
processes, the system was supplemented with H2O2. One mL of 1 mM H2O2 was added to 
13 mL of microbe-spiked BDF. Additionally, 0.1 g of waste slag (byproduct from blast 
furnace activity at Maynard Steel in Milwaukee, WI) was added to the water matrix. The 
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1 mm-2mm slag was mechanically separated in the lab after washing with deionized 
water to minimize impurities on the surface. The sieve apparatus used multiple different 
gradations of a U.S. Standard Sieve Series, with gradations descending down to 2 mm 
and 1 mm. The sieve stack was placed on a mechanical shaker table and upon completion 
of a 20-minute vibration period, the remaining slag on the smallest sieve, containing 
samples from 1 mm to 2 mm was collected for use in experiments. 
 Upon completion of the irradiation portion of the tests, the samples were 
transferred into centrifuge vials containing 0.2 g of J.T. Baker® granular sodium 
thiosulfate. This compound acts as a quencher to consume remaining oxidants in the 
water matrix to stop the disinfection process. To ensure quenching, the sodium thiosulfate 
was added in excess of the required concentration determined from literature reports.77–80 
Upon completion of quenching, the samples were diluted and plated as described in 
Section 3.2. 
 
3.6 UV/Riboflavin Tests 
 
 The UV/Riboflavin system, which is referred to as the Riboflavin system, was the 
second novel AOP process evaluated in this study. This system combined UV-LED 
irradiation with riboflavin to target the formation of highly reactive singlet oxygen 
radicals.57 As with the Slag system and baseline UV-LED tests, the effectiveness of this 
AOP at 255 nm, 265 nm, and 285 nm wavelengths was evaluated. The general 
experimental procedure was the same as the other AOP tests, with the exception of 
riboflavin addition rather than slag and H2O2. Riboflavin is a benign compound, and the 
body eliminates excess concentrations through urine81; thus, it is unlikely that any 
negative health impacts will result from its use in drinking water treatment.  
 Sigma-Aldrich riboflavin meeting USP testing specifications was used in this 
study. By mixing the riboflavin with BDF, a 0.18 µM riboflavin solution was produced. 
This concentration was far lower than any reported literature values related to singlet 
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oxygen generation; however this concentration was chosen after initial optimization 
experiments were performed in the laboratory from 0.18 µM to 5 mM. Concentrations as 
high as 5 mM were initially tested, though these higher concentrations showed far greater 
inhibition of P22 bacteriophage inactivation compared to the lower concentration tested. 
Of note, increasing concentrations of riboflavin caused an increasing degree of distinct 
orange tint in the water, as shown in Figure SI 4 in the Supplemental Information. While 
every concentration from 0.18 µM to 5 mM contained this tint, as the concentration 
increased, a correlating increase in the tint occurred. This would need to be addressed 
before any large-scale use of this treatment method could be applied in practice. 
However, in this proof-of-concept study, the focus was on evaluating the ability of 
riboflavin addition to improve microbial inactivation via UV-based AOP. 
 Upon completion of the irradiation, the sample was quenched with sodium 
thiosulfate in a similar manner as described for the slag experiments as outlined in 
Section 3.5. Upon completion of this quenching the sample was diluted and plated, in 
accordance with the methods outlined in Section 3.2. 
 
3.7 Radical Experiments 
 
 The Slag system was designed to target the generation of hydroxyl radicals. To 
provide an indication of the impact of hydroxyl radicals, tert-butyl alcohol (TBA) was 
used as a hydroxyl scavenger in control experiments. TBA is known to scavenge 
hydroxyl radicals in a water system, which limits their ability to react with the target 
contaminant, P22 in this case. In the presence of TBA, inactivation should occur more 
slowly as the radicals are consumed by the TBA.78 TBA was added at a volume of 0.1 
mL per 14 mL water matrix. This ratio was determined by averaging literature scavenger 
concentrations, ensuring excess TBA was added to ensure ample quenching of 
radicals.78,77,79,80 The resulting log inactivation of both samples (TBA and no TBA) were 
compared to determine the presence of hydroxyl radicals. 
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 Similarly, assessments of the presence of singlet oxygen in the riboflavin system 
were performed, as this was the intended radical for this portion of the experiment. The 
chemical probe Singlet Oxygen Sensor Green (Invitrogen) was added in control 
experiments. Concentrations of singlet oxygen were assessed spectrophotometrically 
(Thermo Scientific Genesys 20) at 525 nm, in accordance with manufacturer 
specifications.  
 
3.8 Slag Analysis 
  
 The waste slag was obtained from Maynard Steel in Milwaukee, WI. The waste 
slag is a refractory slag currently disposed of in landfills without any alternative use. 
Microscopic imaging of the waste slag is shown in Figure SI 5 in the Supplemental 
Information. An Energy-Dispersive X-ray Spectrometry analysis was performed on the 
slag to assess the presence of iron. 
 
3.9 Statistics 
 
 Statistical analysis was performed on the variance of the data sets using 2-way 
ANOVA performed using GraphPad Prism 7. The primary use of ANOVA is for normal 
data sets; therefore, D’Agostino & Pearson normality tests were run in GraphPad Prism 
to determine normality of individual data sets. Post analysis determined that 2-way 
ANOVA can accurately describe nonparametric data sets as well, and is considered a 
robust statistical analysis; therefore it was used for all comparative analysis.82 For the P22 
bacteriophage data (three separate treatment processes tested), Tukey’s multiple 
comparisons post hoc analysis was used to assess for statistical significance among data 
points. For the E. coli 15597 tests (including only 2 different UV treatment processes), a 
Sidak’s multiple comparison post hoc test was used to assess for statistically significant 
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differences among data points, as without the third AOP it was not possible to perform a 
Tukey comparison. The statistical difference between fluences for each individual 
wavelength was tested using 1-way ANOVA, as only one factor was changing between 
each compared data point, the changing disinfectant dose. All statistics were computed at 
a significance level of α≤0.05. 
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4.  Results and Discussion 
 
 Three UV-based systems were evaluated at three different wavelengths (255, 265, 
and 285 nm) to determine their potential for inactivating P22 bacteriophage and E. coli 
15597 bacteria. The first system was a baseline test of just UV-LED irradiation, which 
provided a comparative reference for the AOPs, as well as enabled determination of 
kinetics of UV-based inactivation using UV-LED technology. The second system tested 
UV irradiation combined with hydrogen peroxide and waste slag from a local steel plant. 
This system targeted generation of highly reactive hydroxyl radicals. The final system 
evaluated was UV irradiation coupled with riboflavin. Riboflavin has been shown to form 
reactive singlet oxygen when activated by UV light, and if this process could be 
mimicked in the experimental matrix, a sustainable variation on typical UV treatment 
could be achieved. 
  
4.1 P22 Inactivation Experiments 
 
 The P22 bacteriophage was chosen as a surrogate for human enteric adenovirus as 
both are dsDNA viruses with similar protein structures. As minimal work has been done 
with these novel treatment systems, this low-risk viral contaminant was an ideal 
experimental subject providing the groundwork for future research as P22 is a double 
stranded DNA virus, like many of the robust human viruses of concern. 
 
4.1.1 Baseline UV-LED System 
 
 The first system tested for inactivation potential of P22 bacteriophage was the 
UV-LED irradiation alone. This was referred to as the baseline UV-LED system. This 
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system provides a reference point against which to compare the success of the novel AOP 
systems. Per EPA regulations in the Surface Water Treatment Rule, four-logs of virus 
inactivation is required to meet drinking water regulations for surface water, or 
groundwater under the influence of surface water.7 The objective of these tests was to 
determine the required fluence to reach target logs of inactivation of the P22 
bacteriophage, and the kinetic parameters characterizing inactivation. As typical 
operating parameters at treatment locations that use UV irradiation for disinfection are in 
the range of 40 mJ/cm2, tests were initially performed at comparable levels of 8.7, 17.4, 
26.1, and 34.8 mJ/cm2.35 Under different treatment conditions (wavelengths, AOPs), 
these fluences were adjusted on a test-by-test basis to yield reportable data (plates within 
the countable range).  
 The kinetics of P22 inactivation for the baseline UV tests were determined by 
generating a linear trendline for each wavelength relating log inactivation to the required 
fluence to reach these removal levels. The trendlines were forced through 0 as at a dosage 
of 0 mJ/cm2, no logs of inactivation should occur. The slope of these adjusted trendlines 
represents the Chick-Watson coefficient of specific lethality (Λcw). This value describes 
the relationship between the disinfectant dose (at a given UV wavelength) and 
contaminant inactivation (P22 bacteriophage). The steeper this slope, the higher the 
lethality coefficient and, therefore, the more effective the disinfectant is at inactivating 
the contaminant. The results of the kinetic analysis of the baseline UV-LED tests are 
shown in Figure 4.1A.  
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Figure 4.1A Kinetics of P22 inactivation for the baseline UV-LED system using UV-LED 
at 255, 265, or 285 nm wavelengths. Each point represents the average of triplicate 
experiments and at least triplicate microbial assays. The error bars show ±1 standard 
deviation. Some error bars are too small to see. 
 
 As previously mentioned, the fluence range for each wavelength was adjusted to 
obtain recordable data at each test condition. For UV265 and UV285, the fluence (exposure 
time) was adjusted until an appropriate range was found to provide at least three data 
points for both wavelengths. For UV265, this range was 21 - 63 mJ/cm
2, and for UV285, 
this range was 33 - 90 mJ/cm2. The fluences required to achieve 4-logs P22 inactivation 
for UV255, UV265, and UV285 were determined to be 39.9, 61.9, and 86.6 mJ/cm
2, 
respectively. This dramatic difference in the fluences needed for inactivation 
demonstrated UV255 was much more effective for P22 inactivation compared to the other 
wavelengths tested. While not at the peak DNA absorbance values, all wavelengths were 
still in the germicidal region (200 – 300),37 and therefore genetic damage was ostensibly 
still occurring in tandem with damage to the protein capsid of the bacteriophage.  
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 Finally, as expected, as fluence increased, so did corresponding viral inactivation. 
The results of the 1-way ANOVA with Tukey Post-Hoc analysis for all P22 
bacteriophage UV-LED baseline experiments are shown in Table 4.1A.  
 
Table 4.1A: Statistical difference between fluences at each wavelength for baseline UV-
LED experiments with P22 bacteriophage with Tukey Post-Hoc analysis  
 
  
   
  
Wavelength 
(nm) 
Fluence (mJ/cm2) P-value Significant? 
 
255 8.70 vs. 17.4 0.6732 no 
 
255 8.70 vs. 26.1 0.0550 no 
 
255 8.70 vs. 34.8 0.0009 yes 
 
255 17.4 vs. 26.1 0.0155 yes 
 
255 17.4 vs. 34.8 0.0004 yes 
 
255 26.1 vs. 34.8 0.0154 yes 
 
265 21.0 vs. 42.0 0.0856 no 
 
265 21.0 vs. 63.0 0.0050 yes 
 
265 42.0 vs. 63.0 0.0357 yes 
 
285 33.4 vs. 68.2 0.0005 yes 
 
285 33.4 vs. 90.0 <0.0001 yes 
 
285 68.2 vs. 90.0 0.0024 yes 
 
 
 As shown in Table 4.1A, a significant difference was observed for the majority of 
the tests utilizing UV255, UV265, and all of the tests utilizing UV285. This was expected as 
increasing the fluence is equivalent to increasing the dosage of chemical disinfectants. 
Increasing the disinfectant dose, by increasing the energy input into the system, should 
result in greater inactivation of the contaminant of interest.  
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 These results demonstrate that P22 was effectively inactivated using UV-LED 
with no additional oxidative components, with varying results at different wavelengths. 
This coupled with the known benefits of UV-LED irradiation makes it a promising 
candidate for future investigation in larger scale treatment applications, in lieu of typical 
LP and MP UV technology.9,40 System efficacy followed the order: UV255>UV265>UV285.  
 
4.1.2 UV/Waste Slag/H2O2 System 
 
 The first novel AOP system tested in this study combined UV-LED irradiation 
with an iron-based component to simulate a Fenton-type reaction. This system combined 
UV irradiation with hydrogen peroxide and sustainable waste slag to facilitate the 
formation of highly reactive hydroxyl radicals. The hypothesis was that this system 
would reach or exceed the target four-log inactivation requirement at a lower fluence than 
the UV-LED baseline system.  
 The kinetics of P22 inactivation for the Slag system experiments (determined as 
described for the UV-LED tests in Section 4.2.1) are shown in Figure 4.1B.  
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Figure 4.1B Kinetics of P22 inactivation for the Slag system using UV-LED at 255, 265, 
or 285 nm wavelengths. Each point represents the average of triplicate experiments and 
at least triplicate microbial assays. The error bars show ±1 standard deviation. 
 
 The fluence range was adjusted until an appropriate countable range was found to 
provide at least three data points for all wavelengths. For UV265, this was 21 – 63 mJ/cm
2, 
and for UV285, this was 68 - 181 mJ/cm
2. The fluences required to reach the target 4-logs 
of inactivation for UV255, UV265, and UV285 were determined to be 29.7, 48.1, and 61.8 
mJ/cm2, respectively. As observed in the baseline UV-LED tests, the order of 
effectiveness was UV255>UV265>UV285.  In comparison to the fluences needed using UV-
LED only, the Slag system reduced the energy inputs at all wavelengths. 
 The Λcw value for the UV255 Slag system test was equal to 0.135, for the UV265 
Slag system it was 0.0831, and for the UV285 Slag system, it was 0.0647. Of note, the 
UV285 Slag correlation coefficient was extremely poor (R
2=-5.726), which is believed to 
be caused by forcing the trendline through zero. An unforced trendline resulted in a 
correlation coefficient of R2=0.6054, signifying that the data was moderately correlated 
to other data points for UV285.  
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 Again, as expected, as the fluence increased, so did the corresponding viral 
inactivation across all wavelengths tested. The results of the 1-way ANOVA analysis for 
all Slag system experiments are shown in Table 4.1B.  
 
Table 4.1B: Statistical difference between fluences at each wavelength for the Slag 
system experiments with P22 with Tukey Post-Hoc Analysis 
     
 
Wavelength 
(nm) 
Fluence (mJ/cm2) P-value Significant? 
 
255 8.7 vs. 17.4 0.0704 no 
 
255 8.7 vs. 26.1 0.0011 yes 
 
255 17.4 vs. 26.1 0.0045 yes 
 
265 21.0 vs. 42.0 0.0242 yes 
 
265 21.0 vs. 63.0 0.0096 yes 
 
265 21.0 vs. 63.0 0.4409 no 
 
285 68.2 vs. 90.0 0.6470 no 
 
285 68.2 vs. 181 0.1828 no 
 
285 90.0vs. 181 0.4799 no 
 
 
 As shown in Table 4.1B, a significant difference was observed for the majority of 
the UV255 and UV265 tests, with no significant difference being present for the UV285 
tests, likely due to the high levels of immediate inactivation. This could limit the 
robustness of the test in signifying differences as the minimum limit of detection was 
approached.  
 
4.1.3 UV/Riboflavin 
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 The final novel AOP system tested in this study was a system combining UV and 
riboflavin as a photosensitizer targeting the generation of highly reactive singlet oxygen 
in the system. Riboflavin has been shown to generate singlet oxygen radicals in the 
presence of higher wavelengths of UV, specifically those in the UVA range.57 Riboflavin 
has not been shown to generate these radicals at lower wavelengths, particularly in the 
germicidal range; however if this system can be shown to provide a significant 
improvement over baseline UV systems, riboflavin could offer a sustainable treatment 
additive to increase inactivation potential of microbial contaminants. The absorbance 
spectrum for Riboflavin, shown in Figure 4.1C, demonstrates the potential of UV 
absorbance and the subsequent generation of these radicals at UV wavelengths closer to 
the germicidal range, i.e. UVC wavelengths. Although less absorption occurs in the UVA 
range near 350 nm, a more prominent absorption peak occurs in the high end of the UVC 
range (from 255 – 285 nm). Accordingly, this range was assessed in this study for its 
potential for singlet oxygen generation. 
  
 
 
 
 
 
Figure 4.1C: Absorbance spectrum for Riboflavin as modified from Aranda and 
Morlock.84 UVC, UVB, and UVA regions are sectioned off in the plot. 
 
 The kinetics of P22 inactivation for the Riboflavin system are shown in Figure 
4.1D. 
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Figure 4.1D Kinetics of P22 inactivation for the Riboflavin system using UV-LED at 255, 
265, or 285 nm wavelengths. Each point represents the average of triplicate experiments 
and at least triplicate microbial assays. The error bars show ±1 standard deviation. 
Some error bars are too small to see. 
 
 From Figure 4.1D, the kinetics of the Riboflavin system can be determined. The 
fluence required to reach the target 4-logs of inactivation for UV255, UV265, and UV285 
were determined to be 51.3, 61.0, and 99.5 mJ/cm2, respectively. This reflects a 
substantially greater fluence required to reach target inactivation levels using UV255, 
compared to the other two systems.  
 The Λcw value for the UV255 Riboflavin test was equal to 0.0780, for UV265 it was 
0.0656, and for UV285, it was 0.0402. Again, UV255 was more effective than UV265, 
which was more effective than UV285. This finding was consistent for all three tested 
systems for P22 bacteriophage inactivation, in accordance with the original hypothesis 
that UV255 would be the most effective wavelength at inactivating P22 due to being near 
the peak absorbance of DNA. As both of the higher wavelengths are still in the 
germicidal range of UV irradiation, a combination of protein destruction and genetic 
disruption likely contributed to bacteriophage inactivation.61 Future work is needed to 
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ascertain the mechanisms of inactivation and evaluate the extent of nucleic acid damage 
relative to amino acid damage. 
 Again, as expected, as the fluence increased, so did the corresponding viral 
inactivation. The results of the 1-way ANOVA and Tukey’s post hoc analysis for all Slag 
system experiments are shown in Table 4.1C.  
 
Table 4.1C: Statistical difference of fluences for all wavelengths for the Riboflavin system 
experiments with P22 with Tukey Post-Hoc Analysis 
     
 
Wavelength 
(nm) 
Fluence (mJ/cm2) P-value Significant? 
 
255 8.70 vs. 17.4 0.7956 no 
 
255 8.70 vs. 26.1 0.0413 yes 
 
255 8.70 vs. 34.8 0.0012 yes 
 
255 17.4 vs. 26.1 0.1222 no 
 
255 17.4 vs. 34.8 0.0025 yes 
 
255 26.1 vs. 34.8 0.0330 yes 
 
265 21.0 vs. 42.0 0.0371 yes 
 
265 21.0 vs. 63.0 0.0002 yes 
 
265 42.0 vs. 63.0 0.0005 yes 
 
285 33.4 vs. 68.2 0.0371 yes 
 
285 33.4 vs. 90.0 0.0002 yes 
 
285 68.2 vs. 90.0 0.0005 yes 
 
 
 As shown in Table 4.1C, a significant difference was observed for nearly all 
increases in fluences. This followed a similar trend to the baseline UV-LED tests and the 
Slag system.  
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4.1.4 System Comparison for Viral Inactivation 
 
 A comparison of the P22 inactivation achieved using the three systems operated at 
255 nm is shown in Figure 4.1E. The kinetic parameters for all scenarios are summarized 
in Table 4.1D. For comparison, the fluence needed to achieve 4-logs inactivation of 
enteric adenovirus using LP UV bulbs is 186 mJ/cm2. 
 
 
Figure 4.1E Comparison of log inactivation of P22 bacteriophage by all tested UV 
systems at 255 nm. Each point represents the average of triplicate experiments and at 
least triplicate microbial assays. The error bars show ±1 standard deviation. Columns 
denoted with a star were completely inactivated, and are shown at the detection limit for 
that test. Statistical differences can be found in Table 4.1E. 
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Table 4.1 D. Summary of system performance and Chick-Watson kinetic parameters 
(coefficient of specific lethality, Λcw) for P22 bacteriophage. 
System Fluence to achieve 4-log 
inactivation (mJ/cm2) 
Λcw (cm
2/mJ) 
255 nm 265 nm 285 nm 255 nm 265 nm 285 nm 
UV-LED 39.9 51.9 86.6 0.10 0.06 0.05 
Slag 29.7 48.1 61.8 0.13 0.08 0.06 
Riboflavin 51.3 61.0 99.8 0.08 0.07 0.04 
 
 
 Statistical comparisons for the 255 nm tests were performed to determine whether 
one system offered a significant improvement over the others for P22 inactivation (Table 
4.1E). While the UV-AOP datasets were normally distributed, the baseline UV-LED test 
followed a non-parametric distribution. However, according to Erceg-Hurn and 
Mirosevich82, a 2-way ANOVA can be used even if the data set is not normally 
distributed, as this method is robust to normality. 
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Table 4.1E: Summary of 2-way ANOVA tests with Tukey post hoc analysis for UV255 P22 
Bacteriophage Experiments 
Comparison 
Fluence 
(mJ/cm2) P-value Significant? 
UV-LED Baseline vs. Slag System 8.70 0.7418 no 
  17.4 0.0033 yes 
  26.1 <0.0001 yes 
  34.8 0.4343 no 
UV-LED Baseline vs. Riboflavin 
System 8.70 0.0197 yes 
  17.4 0.9119 no 
  26.1 0.0525 no 
  34.8 0.0112 yes 
Slag System vs. Riboflavin System 8.70 0.0953 no 
  17.4 0.0012 yes 
  26.1 <0.0001 yes 
  34.8 0.0005 yes 
  
 
 As detailed in Table 4.1E, the Slag system generally improved inactivation in 
comparison to the Riboflavin system. However, Slag was significantly higher than the 
UV-LED baseline in only about half of the tests. Notably, high levels of inactivation were 
observed at 34.8 mJ/cm2 for both the Slag system and UV-LED baseline system, likely 
resulting in the lack of significant difference. Accordingly, the Slag system likely offers 
significant improvement over the baseline system at 255 nm, although no significant 
improvement was obtained using Riboflavin additions. In fact, riboflavin appeared to 
inhibit inactivation in comparison to UV-LED treatment alone, possibly due to light 
diffraction in the tinted water. 
 The UV265 data is summarized in Figure 4.1F. A 2-way ANOVA statistical 
analysis and Tukey post-hoc analysis were performed to determine whether the 
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difference between systems was statistically significant. The results are shown in Table 
4.1E.  
 
 
Figure 4.1F Comparison of log inactivation of P22 bacteriophage by all tested UV 
systems at 265 nm. Each point represents the average of triplicate experiments and at 
least triplicate microbial assays. The error bars show ±1 standard deviation. Statistical 
differences can be found in Table 4.1F. 
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Table 4.1F: Summary of 2-way ANOVA tests for UV265 P22 Bacteriophage Experiments 
Comparison 
Fluence 
(mJ/cm2) P-value Significant? 
UV-LED Baseline vs. Slag System 21 0.2234 no 
  42 0.0007 yes 
  63 0.1697 no 
UV-LED Baseline vs. Riboflavin 
System 21 0.7982 no 
  42 0.6586 no 
  63 0.7863 no 
Slag System vs. Riboflavin System 21 0.5375 no 
  42 0.0001 yes 
  63 0.4533 no 
  
 
 As demonstrated in Table 4.1F, minimal difference was observed amongst the 
systems, indicating that the UV-AOPs did not significantly improve P22 inactivation 
using a wavelength of 265 nm overall. This was likely due to the high level of 
inactivation that occurred for all three systems using the highest fluence tested, as all 
three systems broke the four-log inactivation threshold within 63 mJ/cm2, leaving a 
relatively small fluence range for testing. At 42 mJ/cm2, some significant difference was 
observed, primarily with the Slag system over the other two systems. However, at 63 
mJ/cm2, high levels of inactivation were achieved using all three systems, limiting the 
ability to detect improvement in one system over the others. 
 The UV285 data for each system are summarized in Figure 4.1G. A 2-way 
ANOVA statistical analysis as well as a Tukey post-hoc analysis was performed to 
determine whether the difference between systems was statistically significant. The 
results are shown in Table 4.1F. While minimal difference was observed for the higher 
fluences, much of the data was at or near the detection limit, limiting the ability to detect 
statistical differences.  
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Figure 4.1G Comparison of log inactivation of P22 bacteriophage by all tested UV 
systems at 285 nm. Each point represents the average of triplicate experiments and at 
least triplicate microbial assays. The error bars show ±1 standard deviation. Columns 
denoted with a star were completely inactivated, and are shown at the detection limit for 
that test. Statistical differences can be found in Table 4.1G. 
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Table 4.1G: Summary of 2-way ANOVA tests for UV285 P22 Bacteriophage Experiments. 
N/A values denote comparisons where data was only collected for one of the systems at 
the given wavelength. 
 
Comparison 
Fluence 
(mJ/cm2) P-value Significant? 
UV-LED Baseline vs. Slag System 33.4 N/A N/A 
  68.2 0.0002 yes 
  90.0 0.7408 no 
  181 0.9977 no 
UV-LED Baseline vs. Riboflavin 
System 33.4 0.114 no 
  68.2 0.0012 yes 
  90.0 0.3066 no 
  181 >0.9999 no 
Slag System vs. Riboflavin 
System 33.4 N/A N/A 
  68.2 <0.0001 yes 
  90.0 0.0834 no 
  181 0.9977 no 
 
 
 Despite only one fluence for each system providing a significant improvement in 
inactivation (68.2 mJ/cm2), this was the only fluence tested for all three systems that did 
not inactivate most or all the P22 bacteriophage in the sample. With the higher fluence 
tests, nearly all of the available P22 had been inactivated for all systems; therefore, it is 
unclear if an improvement in reaching this point occurred in these samples. Therefore, 
the 68.2 mJ/cm2 data point was considered the most valid point for analysis. On this 
basis, it seems likely that the Slag system provided an improvement over both the 
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baseline UV-LED and Riboflavin systems at UV285. Again, the riboflavin seemed to 
inhibit P22 inactivation compared to the baseline UV-LED system. 
 While significant improvements were observed for the Slag experiments, there 
was not a drastic difference among all the Slag system results and their baseline UV-LED 
counterparts. This is likely due to the experiment being run at a pH buffered around 7. 
Fenton reactions, as detailed in Section 2.3, are typically optimized at lower pH than is 
typically encountered in drinking water systems, as this is when the highest production of 
radicals tends to occur. While a pH of 7 was likely not the ideal operating parameter for 
this Slag system, it was pertinent to establish the treatment efficiency of the system at a 
drinking water-relevant neutral pH.  
 While the Riboflavin system generally did not significantly improve inactivation 
of P22 bacteriophage compared to the baseline UV-LED tests, there was insufficient 
evidence to conclude that the Riboflavin system resulted in significant inhibition of P22 
inactivation. This is likely the result of the chosen treatment wavelengths. Based on virus 
results, subsequent bacteria tests were performed using the UV-LED and Slag systems, 
but Riboflavin was not tested.  
 
4.1.5 Presence of Radicals in UV-AOP Systems 
 
 The results of the TBA/hydroxyl radical quenching tests showed lower 
inactivation at 26.1 mJ/cm2 with the TBA (3.12 logs) in comparison to without TBA 
(3.64 logs). The UV-LED baseline experiments at 26.1 mJ/cm2 resulted in a P22 
inactivation of 2.43 logs, demonstrating increased inactivation for the AOP, even with 
adequate quenching of the system. This suggests that hydroxyl radicals played a role in 
P22 inactivation in the Slag system, but that these reactive species were not solely 
responsible for viral inactivation. In the future, direct radical quantification methods 
should be used to quantify actual radical concentrations. 
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 The singlet oxygen probe controls showed that no singlet oxygen radicals were 
detected using the operating parameters tested in the Riboflavin system. This result is 
reasonable as the majority of reports using riboflavin as a photosensitizer have been in 
the UVA range, as opposed to the UVC range evaluated in this research. Based on these 
results showing the ineffectiveness of the system, riboflavin tests were not performed for 
the bacteria experiments. 
 
4.1.6 Control Experiments 
 
 To ensure the combination of factors was the cause for increased inactivation, and 
not individual components of the system (e.g., H2O2 alone vs. H2O2+Slag), control 
experiments were performed using P22 bacteriophage. All control experiments using UV 
were performed at a wavelength of 255 nm with a fluence of 26.1 mJ/cm2 (or in the case 
of no UV, using the same exposure time required to achieve a fluence of 26.1 mJ/cm2) 
The results of these control experiments are shown in Figure 4.1H. 
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Figure 4.1H: Control experiments testing the influence of individual components of the 
UV systems. All tests were performed at 255 nm using a fluence of 26.1 mJ/cm2 using P22 
bacteriophage. Each point represents the average of triplicate experiments and at least 
triplicate microbial assays. The error bars show ±1 standard deviation. 
 
 Figure 4.1H shows that without UV irradiation, none of the other treatments 
resulted in any appreciable inactivation of P22 bacteriophage. This was expected as 
without the generation of any radicals, neither the hydrogen peroxide nor waste slag was 
hypothesized to substantially inactivate microbes. The slag and riboflavin could offer 
surfaces for microbial adsorption, resulting in removal from the system; however, Figure 
4.1H shows that minimal removal was observed following the addition of either particle. 
The UV/H2O2 control showed improved removal over the UV-LED baseline experiment 
and the Slag/UV control. This improvement makes intuitive sense as UV/H2O2 systems 
are an advanced oxidation process.47 One-way ANOVA with a Tukey post hoc analysis 
was performed to determine if a significant difference was present between the Slag 
system and the UV/H2O2 control. Despite the Slag system appearing to have a higher 
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inactivation, the results of the statistical analysis resulted in a p-value of 0.296. As this p-
value was greater than 0.05, it was determined that the slag addition did not produce a 
significant improvement on contaminant inactivation. 
 
4.2 E. coli Inactivation Experiments 
 
 E. coli was chosen as the bacterial contaminant in this study as it commonly 
found in most surface waters used for drinking water treatment. Additionally, the 
enumeration techniques for E. coli are well established, and it is typically used as an 
indicator of water quality, either through the quantification of E. coli itself, or as total 
fecal coliform. As minimal work has been done to evaluate these novel UV treatment 
systems, demonstrating successful treatment of E. coli 15597 will provide a reference 
point for comparing these systems against traditional approaches used today, as well as 
future technology improvements. The EPA’s Guide Standard and Protocol for Testing 
Microbiological Water Purifiers specifies target reductions of 6-logs for bacteria, which 
provides an inactivation target.85  
 Two systems were evaluated to determine their potential for inactivating E. coli 
15597. These systems were the baseline UV-LED and Slag systems, both of which were 
run in the same manner as the viral experiments. The UV/riboflavin system was not 
evaluated for bacteria inactivation as it did not offer improvements during bacteriophage 
experiments. 
 
4.2.1 Baseline UV-LED System  
 
 The kinetics of E. coli inactivation for all tests were determined by generating a 
linear trendline for each wavelength relating log inactivation to the required fluence, as 
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was done with the bacteriophage work. The results of the kinetic analysis of the baseline 
UV-LED tests are shown in Figure 4.2A.  
 
 
Figure 4.2A Kinetics of E. coli inactivation for the baseline UV-LED system at 255, 265, 
or 285 nm wavelengths. Each point represents the average of triplicate experiments and 
at least triplicate microbial assays. The error bars show ±1 standard deviation. Some 
error bars are too small to see. 
 
 As was the case with the bacteriophage tests, all wavelengths were initially tested 
across the same fluence range, however, the fluences at UV265 and UV285 were adjusted 
to obtain countable data. Regression analysis determined that the fluence required to 
reach the target 6-logs of inactivation for UV255, UV265, and UV285 were 36.0, 51.5, and 
93.2 mJ/cm2, respectively. As with the bacteriophage experiments, a trendline forced 
through 0 was produced to determine the Chick-Watson coefficient of specific lethality 
(Λcw). This value describes the relationship between the disinfectant dose (at a given UV 
wavelength) and contaminant inactivation (E. coli). Following a similar trend as the viral 
data, the Λcw was greatest for UV255 and decreased as wavelength increased, 
UV255>UV265> UV285. 
Λcw = 0.167
R² = 0.8856
Λcw = 0.117
R² = 0.7092
Λcw = 0.0644
R² = 0.9224
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
0 10 20 30 40 50 60 70
Lo
g 
In
ac
ti
va
ti
o
n
, l
o
g(
N
/N
o
)
UV Fluence (mJ/cm2)
255 nm
265 nm
285 nm
48 
 
 
 
 As expected, as the fluence increased, so did the corresponding bacterial 
inactivation across all wavelengths tested. The results of the 1-way ANOVA and post hoc 
Tukey’s multiple comparison for all E. coli system experiments are shown in Table 4.2A.  
 
Table 4.2A: Statistical difference of increasing fluence for the baseline UV-LED system 
experiments with E. coli with Tukey Post-Hoc Analysis. 
     
 
Wavelength 
(nm) 
Fluence (mJ/cm2) P-value Significant? 
 
255 8.70 vs. 17.4 0.0440 yes 
 
255 8.70 vs. 26.1 0.0004 yes 
 
255 17.4 vs. 26.1 0.0015 yes 
 
265 21.0 vs. 31.5 0.0009 yes 
 
265 21.0 vs. 42.0 0.0009 yes 
 
265 31.5 vs. 42.0 0.9991 no 
 
285 33.4 vs. 47.2 0.0846 no 
 
285 33.4 vs. 62.4 0.0030 yes 
 
285 47.2 vs. 62.4 0.0167 yes 
 
 
 As shown in Table 4.2A, a significant difference was observed for nearly all 
increases in fluences for E. coli. This followed a similar trend to the bacteriophage 
experiments. 
  
4.2.2 UV/Waste Slag/H2O2 System 
 
49 
 
 
 
 As with the bacteriophage experiments, E. coli inactivation was analyzed using 
the Slag system to determine the viability of this novel AOP. The results of the kinetic 
analysis of the Slag tests are shown in Figure 4.2B.  
 
 
Figure 4.2B Kinetics of E. coli inactivation for the Slag system using UV-LED at 255, 
265, or 285 nm wavelengths. Each point represents the average of triplicate experiments 
and at least triplicate microbial assays. The error bars show ±1 standard deviation. 
Some error bars are too small to see. 
 
 As with the baseline UV-LED experiments, lower fluences were needed to 
achieve bacterial inactivation as the wavelengths decreased. This trend held true for all 
treatment systems tested for bacteriophages and E. coli. Accordingly, UV-LED appears 
to provide a feasible alternative to LP and MP treatment.  
 The required fluences to reach the 6-log inactivation goal for UV255, UV265, and 
UV285 were 35.1, 56.2, and 73.1 mJ/cm
2, respectively using the Slag system. 
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fluence needed to reach this target. The Λcw followed similar trends as previous 
experiments, with the value increasing with lower wavelengths tested. 
 The results of the 1-way ANOVA analysis for all E. coli system experiments are 
shown in Table 4.2B. As with most other tests, as the fluence increased, so did the 
corresponding bacterial inactivation across all wavelengths tested. These Slag system 
results, in tandem with the results from the baseline UV-LED tests, strongly support that 
increasing fluence increases inactivation of E. coli for UV-LED systems across various 
wavelengths in the UVC range. 
 
Table 4.2B: Summary of 1-way ANOVA tests for Slag System E. coli Experiments with 
Tukey Post-Hoc Analysis 
Wavelength 
(nm) 
Fluence (mJ/cm2) P-value Significant? 
255 8.70 vs. 17.4 0.0098 yes 
255 8.70 vs. 26.1 0.0001 yes 
255 17.4 vs. 26.1 0.0006 yes 
265 21.0 vs. 31.5 0.0033 yes 
265 21.0 vs. 42.0 0.0006 yes 
265 31.5 vs. 42.0 0.0225 yes 
285 33.4 vs. 47.2 0.0508 no 
285 33.4 vs. 62.4 0.0016 yes 
285 47.2 vs. 62.4 0.0097 yes 
 
 
4.2.3 System Comparison for Bacterial Inactivation 
 
 The UV255 E. coli inactivation data for both systems are summarized in Figure 
4.2C. Statistical analysis of system performance was determined in a similar manner to 
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the P22 inactivation experiments; however, Sidak’s post hoc analysis was used in place 
of Tukey’s post hoc as only two systems were being compared (UV-LED Baseline and 
Slag System). The results are shown in Table 4.2C. 
 
 
Figure 4.2C Log inactivation of E. coli 15597 by all tested UV systems at 255 nm. Each 
point represents the average of triplicate experiments and at least triplicate microbial 
assays. The error bars show ±1 standard deviation. Statistical differences can be found in 
Table 4.2C. 
  
Table 4.2C: Summary of 2-way ANOVA tests for UV255 E. coli 15597 Experiments 
Comparison 
Fluence 
(mJ/cm2) 
P-
value Significant? 
UV-LED Baseline vs. Slag 
System 8.70 0.1331 no 
  17.4 0.9942 no 
  26.1 0.3888 no 
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 As detailed in Table 4.2C, no significant difference was observed for any of the E. 
coli 15597 tests using UV255. While this is likely the result of the high inactivation 
occurring by the 26.1 mJ/cm2 fluence, the Slag system did not significantly improve 
inactivation of E. coli 15597 compared to the baseline UV-LED system. 
 The kinetic parameters for all scenarios are summarized in Table 4.2D. These 
parameters include the required fluence to reach 6-log inactivation of E. coli and the 
Chick-Watson coefficient of specific lethality. 
 
Table 4.2 D. Summary of system performance and Chick-Watson kinetic parameters 
(coefficient of specific lethality, Λcw) for E. coli. 
System Fluence to achieve 6-log 
inactivation (mJ/cm2) 
Λcw (cm
2/mJ) 
255 nm 265 nm 285 nm 255 nm 265 nm 285 nm 
UV-LED 36.0 51.5 93.2 0.167 0.117 0.0644 
Slag 35.1 56.2 73.1 0.171 0.107 0.0821 
 
 
The UV265 data for both systems are summarized in Figure 4.2D. Minimal 
improvement in E. coli inactivation occurred from 31.5 to 42.0 mJ/cm2 as the majority of 
the quantifiable inactivation occurred by the 31.5 mJ/cm2 fluence. 
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Figure 4.2D Log inactivation of E. coli 15597 by all tested UV systems at 265 nm. Each 
point represents the average of triplicate experiments and at least triplicate microbial 
assays. The error bars show ±1 standard deviation. Statistical differences can be found in 
Table 4.2E. 
 
 As detailed in Table 4.2E, no significant difference was observed for the upper or 
lower fluences tested for E. coli 15597 inactivation using UV265. As most of the 
inactivation possible in the sample had already occurred by a fluence of 31.5 mJ/cm2, the 
lack of significance for the 42.0 mJ/cm2 tests does not necessarily invalidate the Slag 
system as a potential improvement over typical UV baseline treatment, but future tests 
would be needed at lower fluences to better evaluate significance of improvements. 
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Table 4.2E: Summary of 2-way ANOVA tests for UV265 E. coli 15597 Experiments 
Comparison 
Fluence 
(mJ/cm2) 
P-
value Significant? 
UV-LED Baseline vs. Slag 
System 21.0 0.8603 no 
  31.5 0.0045 yes 
  42.0 0.9803 no 
 
 
 The UV285 data for both systems are summarized in Figure 4.2F. As shown, both 
systems show the same general trend of increased fluence yielding increased inactivation 
of E. coli 15597 for UV285.  
 
 
Figure 4.2E Log inactivation of E. coli 15597 by all tested systems UV systems at 285 
nm. Each point represents the average of triplicate tests. The error bars show ±1 
standard deviation. Statistical differences can be found in Table 4.2F. 
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 The results of the statistical comparisons of system performance at each fluence 
are shown in Table 4.2F. 
 
 
Table 4.2F: Summary of 2-way ANOVA tests for UV285 E. coli 15597 Experiments 
Comparison 
Fluence 
(mJ/cm2 P-value Significant? 
UV-LED Baseline vs. Slag 
System 33.4 0.2877 no 
  47.2 0.0097 yes 
  62.4 <0.0001 yes 
 
  
 The Slag system demonstrated a significant improvement over the baseline UV-
LED test for E. coli 15597 inactivation using UV285. In combination with data from the 
other wavelengths tested, as well as P22 bacteriophage results, this suggests that the Slag 
system offers improved treatment of all tested contaminants in comparison to baseline 
UV-LED treatment. 
 
4.3 Waste Slag Analysis 
 
 The results of this study suggest that the refractory waste slag used here improves 
microbial inactivation over UV alone.  Thus, this Slag system could offer a low-cost 
alternative to more expensive AOP processes, and reuse would positively impact the 
environment as it is currently disposed of in landfills without any alternative use. For 
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reuse, however, greater understanding of the slag composition and its impact on water 
quality is needed. 
 An Energy-Dispersive X-ray Spectrometry analysis was performed on the waste 
slag to determine the presence of iron. From the analysis (Figure 4.3A), it is clear the 
waste slag is composed of various metals, including iron, magnesium, calcium, silicon, 
aluminum, potassium, sodium, and chromium. Other peaks were observed for non-metal 
compounds such as oxygen, carbon, chlorine, phosphorus, and nitrogen. As shown in 
Figure 4.3A, one of the most prominent contributors to the composition of the waste slag 
was iron, which has been shown to catalyze production of hydroxyl radicals.50 These 
highly reactive hydroxyl radicals may increase the efficacy of the UV/waste slag/H2O2 in 
disinfecting both target contaminants, P22 bacteriophage and E. coli.43,50 However, future 
tests are needed to assess the chemical composition of water after addition of the slag, 
including trace metals content. In particular, potential toxicity concerns must be 
evaluated before any large-scale application of slag in water treatment applications.  
 
5  
Figure 4.3A: Spectrometry results for waste slag analysis. 
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4.4 Future Research Recommendations 
 
 As this study focused on demonstrating initial proof of concept of the microbial 
disinfection potential of two novel UV-LED-AOP systems, there is ample opportunity to 
expand on this research in the future. For example, assessments of the effect of the Slag 
system, as well as UV-LED irradiation overall, on the treatment of other classes of UV-
resistant contaminants, such as organic micropollutants, for example triclosan and 
estrogenic compounds, would be informative. Such micropollutants commonly drive 
AOP installations, which would make them an interesting comparison to process efficacy 
for microbial contaminants. Furthermore, while the Slag system and UV-LED treatment 
demonstrated the ability to inactivate P22 to high degrees, it is imperative that these 
treatment processes be tested against more robust viral contaminants, such as human 
adenovirus or rotavirus, which is another commonly analyzed enteric virus for viral 
treatment potential. By analyzing these human viruses, a clearer picture of the potential 
for these novel treatment methods for real-world application can be achieved.  
 Furthermore, scaling up of these systems is needed to gain a fuller understanding 
of the AOP potential. Using flow-through systems and larger collimated beams, evidence 
of the potential of these systems to treat larger volumes, and eventually flow-through 
systems, can be documented. Moreover, prior to actual implementation in water 
treatment, substantial advances in economic and efficient larger-scale LEDs at target 
wavelengths is critical. 
 While this work offers a useful starting point, further work into the potential of 
this sustainable waste slag system, as well as the UV-LED technology is needed. While a 
great deal of research is published on UV-LED systems, this work has provided valuable 
baseline data for novel systems using this technology. The waste slag showed potential as 
a sustainable alternative to typical AOP supplements; however, as no prior work has been 
published on this substance, further research must address potential concerns such as the 
production of disinfection by-products, as well as toxicity downstream of treatment.  
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 Finally, this work was performed using lab-grade water containing a buffer to 
ensure ideal conditions and provide an indicator of process potential for microbial 
inactivation. There is no guarantee of ideal conditions for drinking water treatment as 
other factors such as natural organic matter are also of concern. The impact of such 
factors on overall treatment potential of both the Slag system and UV-LED treatment 
must be evaluated before extending this work to real-world applications for handling 
societal disinfection needs.   
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5 Conclusions 
 
 The major objectives of this research were to determine the treatment efficacy of 
P22 bacteriophage and E. coli bacteria using UV-LED, a novel waste slag/H2O2/UV 
advanced oxidation process, and a novel system using riboflavin and UV-LEDs. It was 
hypothesized that UV-LED would be an effective alternative to typical LP and MP 
treatment for viruses and bacteria. Additionally, the novel slag-based AOP and the 
riboflavin/UV combination were hypothesized to improve microbial inactivation through 
the production of highly reactive hydroxyl radicals or singlet oxygen in the respective 
systems. 
 The results showed that UV-LED at 255 nm offers potential as an alternative to 
typical LP and MP UV irradiation technology based on effective inactivation of P22 
bacteriophage and E. coli 15597 bacteria at relatively low fluences. As fluences 
increased, greater inactivation resulted. Higher wavelengths resulted in less efficient 
inactivation (UV255>UV265>UV285). Future work must consider the treatability of other 
contaminants before large-scale UV-LED and/or UV-AOP operations can be considered.  
 The Slag system demonstrated a significant improvement for inactivation of the 
microbes overall (in comparison to UV-LED only). The Riboflavin system did not yield 
significant improvements, and, under some circumstances, even demonstrated significant 
inhibition compared to the baseline UV-LED system.  
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Supplemental Information 
 
 
Figure SI 1: Membrane filtration experimental apparatus for the enumeration of E. coli 
15597. 
 
 
Figure SI 2: Double Agar Layer plate of P22 bacteriophage after 12 hours of growth. 
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Figure SI 3: mEndo broth plate of E. coli after 12 hours of incubated growth. 
 
 
Figure SI 4: Experimental water matrix containing dissolved riboflavin with significant 
tint. 
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Figure SI 5: Microscopic imagery of waste slag demonstrating porous structure and 
large effective surface area. Image collected through the use of a scanning electron 
microscope (SEM) at 20 kV. 
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